Highly loaded multi-stage fan drive turbine:  Plain blade configuration design by Evans, D. C. & Wolfmeyer, G. W.
N A S A  C O N T R A C T O R  





LOAN COPY: RETURN TO 
AFWL (DOUL) 
KIRTLAND AFB, N. M .  
HIGHLY LOADED MULTI-STAGE 
FAN DRIVE TURBINE - PLAIN BLADE 
CONFIGURATION DESIGN 
by D. C. Evans and G. W. Wolfmeyer 
Prepared by 
GENERAL  ELECTRIC COMPANY 
Cincinnati, Ohio 45 2 15 
for Lewis Research Center 
N A T I O N A L   A E R O N A U T I C S   A N D   S P A C E   A D M I N I S T R A T I O N  W A S H I N G T O N ,  0. C. FEBRUARY 1972 
https://ntrs.nasa.gov/search.jsp?R=19720010195 2020-03-11T18:43:14+00:00Z
TECH LIBRARY KAFB, NM 
I 
4. Title and  Subtitle  5.  Report  Date 
HIGHLY  LOADED MULTI-STAGE FAN DRIVE  TURBINE - February 1972 
PLAIN BLADE  CONFIGURATION  DESIGN 6. Performing Organization Code 
I 
7. Authods) I 8. Performing  Organization Report  No. 
D. C. Evans and G .  W. Wolfmeyer I GE R71 AEG 242 
10. Work Unit No. 
9. Performing Organization Name and Address 
General  Electric Company 
Cincinnati, Ohio 45215 
11. Contract or Grant No. 
NAS 3-14304 
13. Type of Report and Period Covered 
12. Sponsoring Agency Name and Address . Contractor  Report 
National  Aeronautics  and  Space  Administration 
Washington, D. C. 20546 
14. Sponsoring Agency Code 
15. Supplementary Notes 
Project Manager, Thomas P. Moffitt, Fluid System Components Division, NASA Lewis 
Research Center, Cleveland, Ohio 
~~ ~~ ~ 
16. Abstract 
~~ 
The  constant-inside-diameter flowpath  was scaled  for  testing in an  existing  turbine  test  facility. 
Blading detailed  design is discussed,  and  design  data are summarized.  Predicted  performance 
maps a r e  presented.  Steady-state stresses and  vibratory  behavior are discussed  and  the  results 
of the  mechanical  design  analysis are presented. 
17. Key Words (Suggested by Author(s)) 
Turbine 
High stage loading 
Fan  engines 
18. Distribution Statement 
Unclassified - unlimited 
I 
19. Security Classif. (of this  report) 20. Security Classif. (of this page) 21. NO. of Pages 22. Price' 
Unclassified  Unclassified 113 $3.00 
*For  sale by the National Technical Information Service, Springfield, Virginia 22151 

Sect  ion 
I SUMMARY 
I1 INTRODUCTION 
111 PRELIMINARY DIBIGN 
IV DETAILED  DESIGN 
A. Scaling 
B .  Streamline  Slope and Curvature  Effects 
C. Blading  Aerodynamic  Design 
1. Selection of Number of Vanes and Blades 
2. Blading  Profile  Design 
D. Performance 
V MECHANICAL  DES IGN 
A. Vibratory Behavior 
B. Steady-State Behavior . 










































Effect of Flowpath  Slope  and  Curvature on Angles, 
Stage  One. 
EfPect of Flowpath  Slope and  Curvature on Angles, 
Stage Two. 
Effect  of  Flowpath  Slope  and  Curvature on Angles, 
Stage Three. 
Vector  Diagram  Nomenclature. 
Vector  Diagrams. 
Aerodynamic  Flowpath. 
I~esign  Data  Nomenclature. 
Stage One Vane Hub Airfoil  Flowpath. 
Stage One Vane Hub Velocity  Distribution. 
Stage One Vane  Pitch  Airfoil  Flowpath. 
Stage One Vane  Pitch  Velocity  Distribution. 
Stage One Vane Tip Airfoil  Flowpath. 
Stage One Vane Tip Velocity  Distribution. 
Stage One B l a d e  Hub Airfoil  Flowpath. 
Stage One Blade  Hub  Velocity  Distribution. 
Stage One Blade  Pitch  Airfoil  Flowpath. 
Stage One Blade  Pitch  Velocity  Distribution. 
Stage One Blade Tip Airfoil  Flowpath. 
Stage  One Blade Tip Velocity  Distribution. 
Stage  Two Vane  Hub  Airfoil  Flowpath. 














































LIST OF  ILLUSTRATIONS (Cont inued)  
Stage Two Vane P i t c h  A i r f o i l  F l o w p a t h .  
Stage Two Vane P i t c h  V e l o c i t y  D i s t r i b u t i o n .  
S t a g e  Two V a n e  T i p  A i r f o i l  F l o w p a t h .  
S t a g e  Two V a n e  T i p  V e l o c i t y  D i s t r i b u t i o n .  
S t a g e  Two B l a d e  Hub A i r f o i l  F l o w p a t h .  
S t a g e  Two Blade Hub V e l o c i t y  D i s t r i b u t i o n .  
S t a g e  Two Blade P i t c h  A i r f o i l  F l o w p a t h .  
S t a g e  Two Blade P i t c h  Velocity D i s t r i b u t i o n .  
S t a g e  Two B l a d e  T i p  Ai r fo i l  F lowpath .  
S t a g e  Two B l a d e  T i p  Velocity I l i s t r i b u t i o n .  
Stage T h r e e  Vane Hub A i r f o i l  F l o w p a t h .  
S t a g e  T h r e e  V a n e  Hub V e l o c i t y  D i s t r i b u t i o n .  
S t a g e  T h r e e  V a n e  P i t c h  A i r f o i l  F l o w p a t h .  
S t a g e  T h r e e  Vane P i t c h  Veloci ty  D i s t r i b u t i o n .  
S t a g e  T h r e e  V a n e  T i p  A i r f o i l  F l o w p a t h .  
S t a g e  T h r e e  V a n e  T i p  V e l o c i t y  D i s t r i b u t i o n .  
S t a g e  T h r e e  B l a d e  Hub A i r f o i l  F l o w p a t h .  
S t a g e  T h r e e  B l a d e  Hub Velocity D i s t r i b u t i o n .  
S t a g e  T h r e e  B l a d e  P i t c h  Ai r fo i l  F lowpath .  
S t a g e  T h r e e  B l a d e  P i t c h  Veloc i ty  D i s t r i b u t i o n .  
S t a g e  T h r e e  B l a d e  T i p  A i r f o i l  F l o w p a t h .  


























LIST OF ILLUSTRATIONS ( C o n t i n u e d )  















58 .  
59 .  
61. 
62. 
S t a g e  One Vane P r e c i s i o n  Master (4012241-942). 
S t a g e  One B lade  P rec i s ion  Mas te r  (4012241-948) .  
S t a g e  Two Vane  Prec is ion  Master  (4012241-944) .  
S t a g e  Two B l a d e  P r e c i s i o n  Master (4012241-950). 
S t a g e  T h r e e  V a n e  P r e c i s i o n  Master (4012241-946). 
S t a g e  T h r e e  B l a d e  P r e c i s i o n  M a s t e r  ( 4 0 1 2 2 4 1 - 9 5 2 ) .  
S t a g e  One Vane Stackup (4012241-943) .  
S t a g e  One B lade  S tackup  (4012241-949) .  
S t a g e  Two Vane Stackup (4012241-945) .  
S t a g e  Two Blade  Stackup (4012241-951) .  
S tage  Three  Vane  Stackup (4012241-947) .  
S t age  Three  B lade  S tackup  (4012241-953) .  
E q u i v a l e n t  T o r q u e  v s .  T o t a l - t o - T o t a l  P r e s s u r e  R a t i o ,  
O n e - S t a g e  C o n f i g u r a t i o n .  
Equiva len t   Weight   F low v s .  T o t a l - t o - T o t a l  P r e s s u r e  R a t i o ,  
O n e - S t a g e  C o n f i g u r a t i o n .  
E q u i v a l e n t  S p e c i f i c  Work vs. T o t a l - t o - ' f o t a l  P r e s s u r e  
R a t i o ,  O n e - S t a g e  C o n f i g u r a t i o n .  
T o t a l - t o - T o t a l  E f f i c i e n c y  v s .  B lade - Je t   Speed   Ra t io ,  
O n e - S t a g e  C o n f i g u r a t i o n .  
E q u i v a l e n t  S p e c i f i c  Work v s .  Weight  Flow-Speed  Para- 
meter, O n e S t a g e  C o n f i g u r a t i o n .  
E q u i v a l e n t  T o r q u e  v s .  T o t a l - t o - T o t a l  P r e s s u r e  R a t i o ,  
Two-S tage  Conf igu ra t ion .  
Equiva len t  Weight  F low vs. T o t a l -  t o - T o t a l  P r e s s u r e  
Ra t io ,  Two-S tage  Conf igu ra t ion .  
Page 
72  
7 3  





7 8  













LIST OF ILLUSTRATIONS (Concluded) 
Page -Figure 
63. Equivalent  Specific Work vs. Total-to-Total  Pressure 
Ratio,  Two-Stage  Configuration. 91 
64. Total-to-Total  Efficiency vs. Blade-Jet  Speed  Ratio, 
Two-Stage  Configuration. 92 
65. Equivalent  Specific  Work vs. Weight Flow - Speed 
Parameter,  Two-Stage  Configuration. 93 
66. Equivalent Torque vs.  Total-to-Total  Pressure Rat io ,  
Three-Stage  Configuration. 94 
67. Equivalent  Weight  Flow vs. Total-to-Total  Pressure 
Ratio,  Three-Stage  Configuratlon. 95 
Equivalent  Specific Work v s .  Total-to-Total  Pressure 
Ratio, Threestage Configuratlon. 
68. 
96 
69. Total-to-Total  Efficiency vs .  Blade-Jet  Speed Rat io ,  
Three-Stage  Configuration. 97 
70. Equivalent  Specific  Work vs. Weight  Flow-Speed  Para- 








71. Swirl Map, One-Stage Configuriltion. 
7 2 .  
73. 
S w i r l  Map, Two-Stnge C o n f i g u r ; l t i o n .  
Swirl Map, Three-Stage Configtrrat  ion. 
74. Most  Probable  Modes of Vibrat  Lon, Stage One Blade.  
7 5 .  Most Probable Modes of Vibration, S t a g e  TKO Blade. 
Most Probable  Modes of Vibration, Stage Three  Blade. 
77. Mechanical  Design  Flowpath. 
viii  






















Area (in. '  ) 
Axial w i d t h  ( i n . )  
Flow c o e f f i c i e n t  
Diameter ( i n .  
T h r o a t  d i m e n s i o n  ( i n .  ) 
T u r b i n e  e n e r g y  extract  ion  (B tu / lbm)  
H e i g h t  a t  blade r o w  e x i t  ( i n . )  
H e i g h t  a t  blade row t h r o a t   ( i n  
Mach Numbel. 
R o t a t i o n a l  Speed (rev/min)  
Number of v a n e s  or blades 
st a t  i c  p r e s s u r e  (p s i  a) 
T o t a l  p r e s s u r e  (psia) 
B l a d e   t e m p e r a t u r e  a t  h u b   l e a d i n g  edge (OF) 
s t a t  i c  t e m p e r a t u r e  (OR) 
T o t a l  t e m p e r a t u r e  (OR) 
S p a c i n g   ( i n .  ) 
T r a i l i n g  edge t h i c k n e s s  ( i n .  1 
Maximum t h i c k n e s s  ( i n .  ) 
Wheel speed  (f t /sec) 

















LIST OF SYMBOLS (Cont inued)  
Vane i n l e t  a b s o l u t e  flow angle (degrees) 
Vane e x i t  a b s o l u t e  flow angle ( d e g r e e s )  
B l a d e  i n l e t  r e l a t i v e  flow angle ( d e g r e e s )  
B l a d e  e x i t  r e l a t i v e  f l o w  ang le  (degrees) 
Stage l e a v i n g  swirl a n g l e   ( d e g r e e s )  
Blade e f f i c i e n c y  
Total-to-Total e f f i c i e n c y  
V a n e  e f f i c i e n c y  
Blade-  jet s p e e d   r a t  io  
S t r e s s  ( k s i )  
Centrifugal stress ( k s i )  
Stress a t  b l a d e  l e a d i n g  c d g e  ( k s i )  
Stress at b l a d e  t r a i l i n g  e d g e  ( k s i )  
Stress  at maximum d i s t a n c e  f r o m  a x i s  of least  moment 
of i n e r t i a ,   c o n v e x  surface ( k s i )  
S t r e s s  at maximum d i s t a n c e  from a x i s  of least  moment 
o f   i n e r t i a ,   c o n c a v e   s u r f a c e   ( k s i )  
Stress duc  t o  b e n d i n g  moment about axis o f  least  morncnt 
of i n e r t i a  ( k s i )  
Strcss due t o  bending  moment a b o u t  a x i s  of maximurn 
moment of i n e r t i a  ( k s i )  
E q u i v a l e n t   t o r q u e   ( f t - l b f )  
Zweif el number 
L o a d i n g  f a c t o r  
X 
LIST OF SYMBOLS (Concluded) 
E/Bcr 
wJiJ" ~ / 6  cr 
"/G Equivalent  rotative speed (rev/min) 
Equivalent specific work (Btu/lbm) 
Equivalent  weight flow (lbm/sec) 
WN"/606 Weight flow - speed  parameter 
xi 
I .  SUMMARY 
T h e  r e s u l t s  o f  t h e  T a s k  I11 d e t a i l e d  d e s i g n  of t h e  p l a i n  b l a d e  c o n f i g u r a t i o n  
t u r b i n e   a r e   p r e s e n t e d .   T h e   c o n s t a n t - i n s i d e - d i a m e t e r   f l o w p a t h  was s c a l e d   t o  a 
28.4 i n c h  e x i t  t i p  d i a m e t e r  f o r  t e s t i n g  i n  a n  e x i s t i n g  a i r  t u r b i n e  t es t  f a c i l i t y .  
F i n a l   v e c t o r   d i a g r a m   c a l c u l a t i o n s   w e r e  made t a k i n g   i n t o   a c c o u n t   s t r e a m l i n e  
s l o p e   a n d   c u r v a t u r e   e f f e c t s .  The  number of vanes   and   b l ades  was s e l e c t e d   b a s e d  
o n   Z w e i f e l   l o a d i n g   c r i t e r i a .  Vane a n d   b l a d e   s e c t i o n   c o o r d i n a t e s   w e r e   g e n e r a t e d  
a n d   d e t a i l e d   d e s i g n   d a t a  was summar ized .   P red ic t ed   t u rb ine   pe r fo rmance  maps 
w e r e   g e n e r a t e d .   S t e a d y   s t a t e   s t r e s s e s   a n d   v i b r a t o r y   b e h a v i o r   w e r e   p r e d i c t e d .  
No s t r e s s  p r o b l e m s  a r e  e x p e c t e d  d u r i n g  a i r  t u r b i n e  t e s t i n g .  
11. INTRODUCTION 
The d e v e l o p m e n t  o f  h i g h - b y p a s s - r a t i o  t u r b o f a n  e n g i n e s  f o r  f u t u r e  a i r -  
c r a f t  p r o p u l s i o n  s c h e m e s  r e q u i r e s  t h e  d e v e l o p m e n t  o f  f a n  d r i v e  t u r b i n e s  w i t h  
i n c r e a s i n g l y   h i g h e r   w o r k   o u t p u t .   T h e   r e q u i r e m e n t s   o f   m i n i m i z e d   w e i g h t   a n d  
s i z e  of s u c h  t u r b o f a n  engines p roduce  a n e e d  f o r  t u r b i n e s  w i t h  i n c r e a s i n g l y  
h i g h   s t a g e   l o a d i n g .  I n  o r d e r  t o  m a i n t a i n  h i g h  t u r b i n e  e f f i c i e n c i e s  a t  h i g h  
s t a g e   l o a d i n g ,   a d v a n c e s  a r e  r e q u i r e d   i n   t h e   t e c h n o l o g y   o f   p r o d u c i n g   i n c r e a s e d  
a e r o d y n a m i c  l o a d  c a p a b i l i t y  i n  t u r b i n e  b l a d i n g  by means  of   improved  design 
t e c h n i q u e s  a n d  h i g h - l i f t  d e v i c e s .  
T h e  s p e c i f i c  o b j e c t i v e s  o f  t h i s  p r o g r a m  a r e  to: 
0 I n v e s t i g a t e   a n a l y t i c a l l y   a n d   e x p e r i m e n t a l l y   a e r o d y n a m i c   m e a n s  
f o r   i n c r e a s i n g   t h e   t u r b i n e   s t a g e   l o a d i n g   a n d   t u r b i n e   b l a d e   l o a d -  
i n g  c o n s i s t e n t  w i t h  h i g h  e f f i c i e n c y  f o r  m u l t i s t a g e  h i g h l y  l o a d e d  
f a n  d r i v e  t u r b i n e  c o n f i g u r a t i o n s .  
0 D e v e l o p   s u f f i c i e n t   d e s i g n   i n f o r m a t i o n   t o   d e t e r m i n e   t h e   r e l a t i v e  
i m p o r t a n c e   o f   c h a n g e s   i n   e n g i n e   s i z e ,   w e i g h t ,   a n d   p e r f o r m a n c e  
a n d  g i v e  p r i m a r y  c o n s i d e r a t i o n  t o  u s e  o f  t a n d c m  r o t o r s  a n d  
s t a t o r s ,   w h e r e   a p p l i c a b l e ,   t o   r e d u c e   w e i g h t   o r   e x t e n d   o r   i m p r o v e  
t h e  b l a d i n g  p e r f o r m a n c e .  
e M o d i f y   a n   e x i s t i n g   t h r e e - s t a g e   h i g h l y   l o a d e d   t u r b i n e   r i g   a n d  
a d a p t  t h e  r i g  t o  a n  o v e r a l l  p e r f o r m a n c e  t e s t  p r o g r a m  of s u f f i c i e n t  
e x t e n t  s o  as t o  o b t a i n  b l a d e  e l e m e n t  p e r f o r m a n c e .  
T h i s  i s  a 2 4 - m o n t h   a n a l y t i c a l   a n d   e x p e r i m e n t a l   i n v e s t i g a t i o n   p r o g r a m   t o  
p r o v i d e  a t u r b i n e  h i g h - s t a g e - l o a d i n g  a n d  h i g h - b l a d e - l o a d i n g  a e r o d y n a m i c  
t e c h n o l o g y  t h a t  w i l l  b e  s p e c i f i c a l l y  a p p l i c a b l e  t o  m u l t i s t a g e  f a n  d r i v e  
t u r b i n e  c o n f i g u r a t i o n s  f o r  a d v a n c e d  h i g h - b y p a s s - r a t i o  t u r b o f a n  p r o p u l s i o n  
s y s t e m   a p p l i c a t i o n .   T h e   p r o g r a m  w i l l  be   d iv ided   in to   two  phases   enccnnpass ing  
n i n e  t a s k  items o f  a c t i v i t y .  
The f i r s t  phase  w i l l  cove r   Task  Items I, I1 and 111 of the  program  which 
a re  t o  i n v e s t i g a t e  r e q u i r e m e n t s  o f  s e l e c t e d  a d v a n c e d  h i g h - b y p a s s - r a t i o  t u r b o -  
f a n   s y s t e m s ,   t o   c a r r y   o u t   p a r a m e t r i c   t u r b i n e   v e c t o r   d i a g r a m   s t u d i e s ,   t o   c o n -  
d u c t  a c a s c a d e  t e s t  a n d   e v a l u a t i o n   p r o g r a m ,   t o   s e l e c t :   o n e   d e s i g n  for f u t u r e  
s t u d y ,  t o  comple t e  a d e t a i l e d   a e r o d y n a m i c   t u r b i n e   d e s i g n  for a n  e x i s t i n g  r i g ,  
t o   c o m p l e t e   t h e   d e t a i l e d   b l a d i n g  aerodynamic d e s i g n   f o r   t h e   r i g ,   t o   p e r f o r m  
d e t a i l e d  b l a d i n g  m e c h a n i c a l  d e s i g n  f o r  t h e  r i g ,  t o  p e r f o r m  t h e  t u r b i n e  r i g  
m e c h a n i c a l  d e s i g n ,  a n d  t o  p r e p a r e  t h e  t u r b i n e  r i g  m o d i f i c a t i o n  d r a w i n g s  
r e q u i r e d  t o  u t i l i z e  t h e  e x i s t i n g  t h r e e - s t a g e  h i g h l y - l o a d e d - f a n  t u r b i n e  r i g .  
The   second  phase  w i l l  cove r   Task  Items I V  t h r o u g h  IX of t h i s  p r o p o s e d  p r o g r a m  
t o   f a b r i c a t e ,   p r o c u r e ,   v i b r a t i o n   b e n c h  t e s t ,  f a t i g u e   e n d u r a n c e   t e s t ,   a n d  
i n s p e c t  t h e  t u r b i n e  r i g  m o d i f i c a t i o n s ;  t o  i n s t r u m e n t  a n d  c a l i b r a t e  t h e  r i g  
v e h i c l e ;   t o   c o n d u c t  a t e s t  program  and t o  r e p o r t   p r o g r e s s ,   a n a l y s i s ,   a n d  
d e s i g n ,   a s  well as t e s t  a n d   p e r f o r m a n c e   r e s u l t s .  
2 
I 
The  Task  I v e c t o r  d i a g r a m  s t u d y  r e s u l t s  h a v e  b e e n  r e p o r t e d  ( R e f e r e n c e  1). 
B a s e d  o n  t h e  r e s u l t s  o f  t h i s  s t u d y ,  a v e l o c i t y  d i a g r a m  was chosen  fior t h r e e  
h i g h l y   l o a d e d   t u r b i n e   c o n f i g u r a t i o n s :  (1) a t u r b i n e   u s i n g   p l a i n   b l a d e s ,  
(2)  a t u r b i n e   u s i n g   t a n d e m   b l a d e s   a n d  (3 )  a n o t h e r  t u r b i n e  u s i n g  h i g h  l i f t  
d e v i c e s .   T h e   p u r p o s e   o f   t h i s   r e p o r t  is to p r e s e n t   t h e   T a s k  111 d e t a i l e d  
d e s i g n  of t h e  t u r b i n e  using p l a i n  b l a d e s .  
3 
I I I .  PRELIMINARY DESIGN 
T h e  f a n  t u r b i n e  t o  be i n v e s t i g a t e d  i n  t h i s  program h a v e  t h e  f o l l o w i n g  
d e s i g n   r e q u i r e m e n t s :  
Average P i t c h  L o a d i n g  gJAh q 1 . 5  
E q u i v a l e n t   S p e c i f i c  Work 33.0 B t u / l b  
E q u i v a l e n t   R o t a t i v e   S p e e d  2000 rpm 
Equ lva len t   Weigh t  Flow 70 lb/sec 
I n l e t  Swirl Ang le  0 d e g r e e s  
E x i t  Swirl Angle   Wi thout   Guide   Vanes  2 5 d e g r e e s  
Maximum T i p  Diameter 45 .0  i n c h e s  
Number of S t a g e s  3 
8 7 . 7  
The  rcs:;ults o f  t h e  T a s k  I Vector D i a g r a m  S t u d y  i n d i c a t e d  t h a t  t h e  most 
p r o m i s i n g  t u r b i n e  f o r  t h e s c  r e q u i r e m e n t s  w o u l d  be a c o n s t a n t - i n s i d e - d i a m c t c r  
f l o w p a t h   w i t h  a s tage enerf:y s p l i t  (Ahstace/Ahturbinc) o f  1 1 . 7 %   o n   s t a g e  
o n e ,  3 8 . 3 %  o n   s t a g e  two, and  20.0% on stage t h r e e .   T h e   c c r r c s p o n d i n g  s tage  
aerodynamic   loading ,   (gJAh/2U2) ,   would  be 2 . 1 ,   1 . 7 5 ,   a n d  0 . 8 2  a t  t h e   p i t c h  
o n  s t a g e s   o n e ,  two, and  tb . rcc ,  r e s p e c t i v c i y .   T h i s  was th t ,   t ype  of v e c t o r  
d i a g r a m   c a l c u l a t i o n   w h i c h  was p u r s u e d   i n  t h e  Task 111 p l a i n  h l a d i n g  d e t a i l e d  
d e s i g n  of the  High ly  Loaded  Mul t i -S tage  Fan  Dr ive  Turb ine  P rogram.  
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IV. DETAILED D E S I G N  
A.  S C A L I N G  TO A I R  TURBINE R I G  
T h e  d e s i g n  r e q u i r e m e n t s  d e s c r i b e d  a b o v e  were b a s e d  o n  e n g i n e  f a n  d r i v e  
t u r b i n e   r e q u i r e m e n t s   a n d   s p e c i f i c a t i o n s .  A p l a n  was f o r m u l a t e d   t o   m o d i f y  
a n  e x i s t i n g  t h r e e  s t a g e  h i g h l y  l o a d e d  f a n  t u r b i n e  r o t a t i n g  r i g  for t h e  
t e s t  and   pe r fo rmance   phase  of t h i s  p r o g r a m .   T h e   c o n s t a n t - i n s i d e - d i a m e t e r  
f l o w p a t h  s e l e c t e d  was s c a l e d  t o  a n  e x i t  t i p  d i a m e t e r  o f  28 .4  i n c h e s .  
I n  o r d e r  t o  m a i n t a i n  p e r f o r m a n c e  s i m i l a r i t y  b e t w e e n  t h e  f u l l  s c a l e  t u r b i n e  
a n d  t h e  s c a l e d  a i r  t u r b i n e ,  a p p r o p r i a t e  s c a l i n g  f a c t o r s  were a p p l i e d  t o  
t h e   d e s i g n   r e q u i r e m e n t s   t o   a s s u r e   g e o m e t r i c   a n d   d y n a m i c   s i m i l a r i t y .  The 
p a r a m e t e r s  u s e d  f o r  s c a l i n g  were 
T h u s ,   t h e   s c a l e d   f a n   t u r b i n e s   t o   b e   i n v e s t i g a t e d   h a v e   t h e   f o l l o w i n g   d e s i g n  
r e q u i r e m e n t s  : 
Average   P i t ch   Load ing  
2:'vp 1.5 
E q u i v a l e n t   S p e c  i f  i c  Work 3 3 . 0   B t u / l b  
E q u i v a l e n t   R o t a t i v   S p e e d  3169.0 rpm 
Equivalent   Weight Flow 28.0 l b / s e c  
Z n l e t   S w i r l  Angle 0 d e g r e e s  
E x i t  S w i r l  Angle   Without  G u i d e  Vanes 5 5 d e g r e e s  
Maximum T i p   D i a m e t e r  2 8 , 4  i n c h e s  




B. STREAMLINE SLOPE AND CURVATURE EFFECTS 
Having  de te rmined  the  most p r o m i s i n g  s t a g e  e n e r g y  d i s t r i b u t i o n  f o r  t h e  
c o n s t a n t - i n s i d e - d i a m e t e r  f l o w p a t h ,  f i n a l  a x i s y m n e t r i c  c a l c u l a t i o n s  were 
p e r f o r m e d  u s i n g  a c a n p u t e r  p r o g r a m  w h i c h  a c c o u n t s  f o r  t h e  r a d i a l  v a r i a t i o n  
i n   s t r e a m l i n e   s l o p e   a n d   c u r v a t u r e .   T h e   v e c t o r   d i a g r a m   a n g l e s   o b t a i n e d  
b y  a c c o u n t i n g  f o r  s t r e a m l i n e  s l o p e  a n d  c u r v a t u r e  a r e  c o m p a r e d  t o  t h e  
v e c t o r  d i a g r a m  a n g l e s  o b t a i n e d  f r o m  t h e  p r e l i m i n a r y  d e s i g n  f r e e  v o r t e x  
C a l C U l a t i O n   i n   F i g u r e s  1 ,  2 ,  and 3. T h e   v a r i a t i o n  in s t r e a m l i n e   s l o p e  
a n d  c u r v a t u r e  e f f e c t e d  a n  i n c r e a s e  i n  t h e  t i p  i n l e t  a n d  e x i t  a n g l e s ,  
and a d e c r e a s e  i n  t h e  h u b  i n l e t  and e x i t  a n g l e s .  
T h e  b l a d i n g  a e r o d y n a m i c  d e s i g n  p r o c e e d e d  u s i n g  t h e  v e c t o r  d i a g r a m  a n g l e s  
w h i c h   a c c o u n t e d   f o r   t h e   s t r e a m l i n e   s l o p e   a n d   c u r v a t u r e   e f f e c t .   T h e  
v e c t o r  d i a g r a m  n o m e n c l a t u r e  a n d  t h e  f i n a l  d e s i g n  v e c t o r  d i a g r a m s  a r e  
shown i n   F i g u r e s  4 and 5. A s u m n a r y   o f   t h e   v e c t o r   d i a g r a m   c a l c u l a t i o n  
r e s u l t s  i s  shown i n  T a b l e  I. 
C. BLADING AERODYNAMIC DESIGN 
1. S e l e c t i o n  of Number of  Vanes  and  Blades 
\'::ne a n d  b l a d e  s o l i d i t i e s  were d e t e r m i n e d  t h r o u g h  s e l e c t i o n  of 
Zweifel N u m b e r s   b a s e d   o n   G e n e r a l   E l e c t r i c   d e s i g n   e x p e r i e n c e   u s i n g  
t h e   Z w e i f e l   l o a d i n g   c r i t e r i a .  The v a n e   a n d   b l a d e   a x i a l   w i d t h s   a n d  
t h e  number  of   vanes  and  blades were set s u c h   t h a t   n o   p e r f o r m a n c e  
loss  w o u l d  b e  e x p e c t e d  d u e  t o  t r a i l i n g  e d g e  b l o c k a g e .  
After t h e  v a n e   a n d   b l a d e   a x i a l  w i d t h s  had  been determined, t h e  
aerodynamic   f lowpath  was f i n a l i z e d  a n d  i s  p r e s r n t e d  i n  F i g u r e  6 .  
2 .  B l a d i n g   P r o f i l c   D e s i g n  
The v a n e   a n d   b l a d e   t h r o a t   o p e n i n g s  were c a l c u l a t e d  u s i n g  t h e  follow- 
i n g  e q u a t i o n s :  
T h e s e   e q u a t i o n s   w e r e   t h e   r e s u l t   o f   a p p l y i n g  t h e  law  of c o n s e r v a t i o n  
o f   mass   be tween   t he   t h roa t   and   downs t r eam of e a c h   b l a d e  row. The 
terms f o r  t h e s e  e q u a t i o n s  a r e  shown i n  F i g u r e  7 .  
The  vane  and b l a d e  h u b ,  p i t c h ,  and t i p  p r o f i l c s  were t h e n  gcsncratcd 
w i t h  t h e  a i d  of a computer   p rogram  in   which  t h e  s e c t i o n  c o o r d i n a t e s  
a r e   d e v e l o p e d   f r o m  a s m a l l  number   o f   numer ica l   inputs .  An a n a l y s i s  
o f  f l o w  c o n d i t i o n s  t h r o u g h  e a c h  b l a d e  s e c t i o n  p a s s a g e  was conduc ted  
6 
C. 2. CONTINUED 
u s i n g  a p o t e n t i a l  f low cascade a n a l y s i s   c o m p u t e r   p r o g r a m .   D e s i g n  
i t e r a t i o n s  o n  t h e  v a n e  and b l a d e  s e c t i o n  p r o f i l e s  were made u n t i l  
s a t i s f a c t o r y  v e l o c i t y  d i s t r i b u t i o n s  a r o u n d  e a c h  p r o f i l e  were o b t a i n -  
ed. T h e   v a n e   h u b ,   p i t c h ,  and  t i p  s e c t i o n s  were s t a c k e d  on t h e  
t r a i l  i n g  edge. 
T h e  c e n t e r  o f  g r a v i t y  was c a l c u l a t e d  for  e a c h  b l a d e  h u b ,  p i t c h ,  a n d  
t i p  sect ion,  a n d  t h e  s t a c k i n g  a x i s  was l o c a t e d  t o  p a s s  t h r o u g h  e a c h  
s e c t i o n  c . g . .  A sununary of p a r a m e t e r s   d e s c r i b i n g   t h e   b l a d i n g   d e s i g n  
is  p r e s e n t e d   i n   T a b l e s  11 t h r o u g h  VII. F i g u r e  7 d e f i n e s   t h e s e   p a -  
rameters. T h e   f i n a l   v a n e   a n d   b l a d e   h u b ,   p i t c h ,   a n d   t i p   a i r f o i l  
f l o w p a t h s  a n d  v e l o c i t y  d i s t r i b u t i o n s  are p r e s e n t e d  i n  F i g u r e s  8 
t h r o u g h  43.  
A computer   program was employed t o  g e n e r a t e  t h e  c o o r d i n a t e s  of the 
s e c t i o n s   i n t e r m e d i a t e  t o  t h e   h u b ,   p i t c h ,   a n d   t i p .   S e c t i o n s  were 
i n t e r p o l a t e d  a t  lo%, 30%, 70%. and 90% t r a i l i n g  edge h e i g h t  f o r  
e a c h   v a n e   a n d   b l a d e .   T h e s e   c o o r d i n a t e s  were t h e n   u s e d  t o  g e n e r a t e  
t h e  p r e c i s i o n  m a s t e r s  r e q u i r e d  f o r  t h e  f a b r i c a t i o n  of t h e  v a n e s  a n d  
blades.  Reduced   cop ie s  of the   vane   and  blade p r e c i s i o n  masters are 
p r e s e n t e d   i n   F i g u r e s  44 t h r o u g h  49 .  F i g u r e s  50 t h r o u g h  55 show t h e  
s t a c k e d  v a n e  a n d  blade s e c t i o n s  f o r  each blade row. 
D. PERFORMANCE 
The  performance of t h e  o n e - s t a g e ,   t w o - s t a g e ,   a n d   t h r e e - s t a g e   c o n f i g u r a -  
t i o n s  was p r e d i c t e d  wi .  t h  t h e  a i d  of t h e  " A n a l y t i c a l  P r o c e d u r e  a n d  Comput- 
er P r o g r a m  f o r  D e t e r m i n i n g  t h e  O f f - D e s i g n  P e r f o r m a n c e  of Axial   Flow 
Turbines" (Ref  e rence  2 ) .  
Turb ine   pe r fo rmance  maps f o r  e a c h  c o n f i g u r a t i o n  a re  p r e s e n t e d  i n  F i g u r e s  
5 6  t h r o u g h  70  i n   t h e   f o l l o w i n g   f o r m a t :  
2 )  E q u i v a l e n t   w e i g h t   f l o w  vs. t o t a l - t o - t o t a l   p r e s s u r e   r a t i o  
3 )  E q u i v a l e n t   s p e c i f i c   w o r k  vs. t o t a l - t o - t o t a l   p r e s s u r e  r a t i o  
4 )  T o t a l - t o - t o t a l   e f f i c i e n c y  vs. b l a d e - j e t   s p e e d   r a t i o  
5) E q u i v a l e n t   s p e c i f i c   w o r k   v s .   w e i g h t   f l o w   s p e e d   p a r a m e t e r   w i t h  
l i n e s   o f   c o n s t a n t  t o t a l - t o - t o t a l  p r e s s u r e  r a t i o ,  c o n s t a n t  speed 
a n d  w i t h  e f f i c i e n c y  c o n t o u r s .  
T h e  t u r b i n e  e x i t  swirl maps s h m n  i n  F i g u r e s  7 1  t h r o u g h  7 3  a r e  b a s e d  o n  
c a l c u l a t i o n s  d e r i v e d  f r o m  t h e  rotor  b l a d e  e x i t  v e c t o r  d i a g r a m  a n a l y s i s .  
The swirl a n g l e  is p r e s e n t e d  as a f u n c t i o n  of t h e  e x i t  f l o w  f u n c t i o n ,  
( N r G / P  1 a n d   s p e e d   p a r a m e t e r ,  (w2). 
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V .  MECHANICAL DESIGN 
A .  VIBRA’KIRY  BEHAVIOR 
I n  t h e  a n a l y s i s  o f  a t i p  s h r o u d e d  blade, t h e  f u n d a m e n t a l  q u e s t i o n  becomes 
o n e  o f  c h o o s i n g  t h e  a p p r o p r i a t e  s h r o u d  b o u n d a r y  c o n d i t i o n s  for  b o t h  v i -  
b r a t o r y   a n d   s t e a d y - s t a t e   o p e r a t i o n .   C o n d i t i o n s  are g e n e r a l l y   c h o s e n   o n  
t h e  basis of s u c h  f a c t o r s  as b l a d e  l e n g t h  v e r s u s  d i s c  s t i f f n e s s ,  s h r o u d  
c o n f i g u r a t i o n ,  etc.  T h u s ,   s e v e r a l  sets o f   c o n d i t i o n s  were c h o s e n   i n   a n  
a t t e m p t  t o  s i m u l a t e   v a r i o u s   m o d e s  of b e h a v i o r .  From t h o s e   c o n d i t i o n s ,  
t h e  modes  which  seemed most l i k e l y  t o  o c c u r  were e x t r a c t e d  a n d  are  
d e s c r i b e d  below. 
C a n t i l e v e r e d  Mode - C a n t i l e v e r e d  a t  t h e  b a s e  of t h e  s h a n k ,  f r c e  a t  
t h e  t i p  s h r o u d .  T h i s  c o n d i t i o n  was u s e d   o n l y  t o  d e t e r m i n e   t h e  
a m o u n t  o f  s t e a d y - s t a t e  t i p  s h r o u d  t w i s t  or u n t w i s t  a n d  t o  o b t a i n  
lower b o u n d s  o n  c e r t a i n  r e s o n a n t  f r e q u e n c i e s .  
O u t  of P h a s e  Mode - F i x e d  a t  t h e  base of t h e  s h a n k ,  p i n n e d  a t  t h e  
t i p   s h r o u d .   T h e   f l e x u r e   a n d   t o r s i o n  modes o b t a i n e d   f o r   t h e s e  
c o n d i t i o n s  w i l l  p r o b a b l y  e x i s t  u n d e r  o p e r a t i n g  c o n d i t i o n s .  
Whflel  Mode - F i x e d  a t  t h e  base o f  t h e  s h a n k ,  r e s t r a i n e d  a t  t h e  t i p  
s h r o u d   i n  a l l  d i r e c t i o n s   e x c e p t   a x i a l l y .   S i m u l a t e s   b l a d e   b e h a v i o r  
i n  a wheel mode. T h e   f l e x u r e ,   a x i a l ,   a n d   t o r s i o n  modes o b t a i n e d  f o r  
t h e s e  c o n d i t i o n s  w i l l  e x i s t  u n d e r  o p e r a t i n g  c o n d i t i o n s .  
F r e e  S l i p  Mode - Yixed a t  t h e  base of t h e  s h a n k ,  a d j a c e n t  t i p  
sh-rouds allowed to s l i p  r e l a t i v e  t o  e a c h   o t h e r .   ’ r h c   a x i a l   a n d  
t o r s i o n  modes o b t a i n e d  f o r  t h e s e  c o n d i t i o n s  may e x i s t  d u r i n g  
t u r b i n e   o p e r a t i o n .   S t e a d y  stresses o b t a i n e d   f o r   t h i s  set of c a n d i -  
t l o n s  a re  p r o b a b l y  t h e  most rea l i s t ic .  
A l t h o u g h  t h e  a b o v e  f o u r  c o n d i t i o n s  a p p e a r  t o  y i e l d  v a l u c s  c o v e r i n g  a 
w i d e  r a n g e  o f  f r e q u e n c i e s ,  t h e  r e s u l t s  a re  q u i t e  c o n s i t e n t  a n d  h a v e  
been   reduced  t o  a set sf “Most P r o b a b l e  F r e q u e n c i e s  o f  V i b r a t i o n ”  as 
shown on Campbell   Diagrams i n  F i g u r e s  74 t h r o u g h  76 a n d  t a b u l a t e d  below. 
The most p r o b a b l e  f r e q u e n c i e s  o f  v i b r a t i o n  r e p r e s e n t  f r e q u e n c i e s  a t  t h e  
d e s i g n  s p e e d ,  a n d  small d i f f e r e n c e s  r e s u l t i n g  f r o m  t h e  v a r i o u s  t i p  s h r o u d  
b o u n d a r y  c o n d i t i o n s  h a v e  b e e n  a v e r a g e d  o u t .  
Most P r o b a b l e   F r e q u e n c i e s  of V i b r a t i o n  ~~ 
Modes Used To - Mod e S t a g e  1 S t a g e  2 S t a p e ,  3 O b t a i n   A v e r a g e s  
F i r s t  F l e x u r e  3656 CPS 219 1 c p s  1242 c p s  
F i r s t   A x i a  1 1402 84 9 5 14 1, 3, 4 
F i r s t  T o r s i o n a l  4 194 2573 174 1 
Second Flexure Above 7 068 4635 2s 3 
Second Tors i o n a  1 Opera t i n g  495 1 338 7 2 s  3 s  4 
2, 3 
2, 3, 4 
Range 
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A .  CONTINUED 
F r e q u e n c i e s  were calculated o n l y  a t  t h e  d e s i g n  s p e e d ,  a n d  f r e q u e n c y  
v e r s u s  RPM c u r v e s  are r e p r e s e n t e d  o n  F i g u r e s  74 t h r o u g h  76 as s t r a i g h t  
l i n e s  t h r o u g h  t h e s e  p o i n t s .  Most of the   modes  w i l l  e x h i b i t  a c h a n g e   i n  
f r e q u e n c y  w i t h  RPM due t o  t h e  t e m p e r a t u r e  e f f e c t  a n d  c e n t r i f u g a l  s t i f f e n -  
i n g ,  but t h e s e  e f f e c t s  w i l l  n o t  c h a n g e  t h e  c o n c l u s i o n s  d i s c u s s e d  below 
a n d   t h u s   h a v e   b e e n  ignored. E s t i m a t e d  v i b r a t o r y  c a p a b i l i t i e s  are 
s u m m a r i z e d  i n  T a b l e  V I I I .  
I t  does nc)t a p p e a r  t h a t  t h e r e  w i l l  be a n y  s i g n i f i c a n t  r e s o n a n c e s ,  
p a r t i c u l a r l y  of t h e  lower o r d e r  v i b r a t o r y  modes ( F i r s t  F l e x ,  F i r s t  
A x i a l ,  F i r s t  T o r s i o n ,  a n d  S e c o n d  F l e x ) ,  w i t h i n  t h e  o p e r a t i n g  s p e e d  
r a n g e  fo r  t h e  s t a g e  two blade. 
T h e  s t a g e  o n e  b l a d e  F i r s t  F l e x  n a t u r a l  f r e q u e n c y  h a s  a n o z z l e  p a s s i n g  
r e s o n a n c e   ( 6 4 / r e v )   n e a r   t h e   d e s i g n   s p e e d .   I n   a d d i t i o n ,   t h e   F i r s t   T o r s i o n  
mode i s  w i t h i n  5% o f   b e i n g   r e s o n a n t  a t  design speed .   However ,   uncor rec t ed  
g a s   b e n d i n g  stresses, t r a d i t i o n a l l y  a n  i n d i c a t o r  of t h e  l e v e l  o f  s e p a -  
r a t e d  f l o w  v i b r a t o r y  r e s p o n s e ,  are  lower t h a n  t h o s e  e n c o u n t e r e d  i n  cer- 
t a i n   e n g i n e   d e s i g n   e x p e r i e n c e .   T h i s  f a c t  w o u l d   i n d i c a t e   s u b s t a n t i a l  
m a r g i n ,  w i t h i n  t h e  realm o f  d e s i g n  p r a c t i c e ,  t o  a c c o u n t  f o r  a n y  aero- 
d y n a m i c  p e c u l i a r i t i e s  w h i c h  may be p r e s e n t  n e a r  r e s o n a n c e  i n  t h e  air 
t u r b i n e .  Also i n c l u d e d   i n   t h i s   m a r g i n   w o u l d  be p o s s i b l e   d i f f e r e n c e s  
from f u l l - s c a l e  e n g i n e s  i n  c a l c u l a t e d  limits d u e  t o  m a t e r i a l s ,  t e m p e r -  
a t u r e s ,   a n d   l o a d i n g .   T h e   p r i m a r y   c o n c e r n  is g e n e r a l l y   g i v e n  t o  t h e  
p o s s i b i l i t y  of lower o r d e r  r e s o n a n c e s  (1-10 c y c l e s   p e r   r e v o l u t i o n ) .   T h e  
a n a l y s i s  s h o w e d  n o  s u c h  r e s o n a n c e s  amcmg t h e  "Most P r o b a b l e  Modes o f  
V i b r a t i o n "   f o r   t h e   s t o g e   o n e   b l a d e .  See F i g u r e  7 4 .  On t h e  basis of t h i s  
i n f o r m : i t i o n ,  i t  i s  e x p e c t e d  t h a t  n o  s c , r i o u s   v i b r a t o r y  stress problems w i l l  
be e n c o u n t e r e d  d u r i n g  a i r  t u r b i n e  t e s t . i n g .  
The siage t h r e e  b l a d e  h a s  a "Most P r n b a b l c  F i r s t  A x i a l "  mode w i t h  a 10 
c y c l e   p e r   r c v o l u t i o n   r e s o n a n c e  at  a p p ~ w x i m a t e l y  80% d e s i g n   s p e e d .  See 
F i g u r v   7 6 .  As n o t e d   a b o v e ,  lower ordtur r e s o n a n c e s  a r e  g e n e r a l l y  of 
major i m p o r t a n c e .   C o n c e r n   f o r   t h i s   p a r t i c u l a r   r e s o n a n c e   c a n  be minimized 
when o n e  n o t e s  t h a t  t h e  s t i m u l i  are 10 s t r u t s  a p p r o x i m a t e l y  15 i n c h e s  
f o r w a r d  o f  t h e  stage t h r e e  blades,  w i t h  t h r e e  s t a g e s  of vanes   and  two 
s t a g e s  of b l a d e s  i n  b e t w e e n  t o  w e a k e n  t h e  s t i m u l i .  
B. STEADY-STATE BEHAVIOR 
S t e a d y - s t a t e  m e c h a n i c a l  stresses were c a l c u l a t e d  for t h e  F r e e  S l i p  t i p  
s h r o u d   b o u n d a r y   c o n d i t i o n s .   T h e s e   c o n d i t i o n s  were f e l t  t o  be t h e  most 
realist , ic for s t e a d y - s t a t e   o p e r a t i o n .   T h e  stresses ( c e n t r i f u g a l   a n d  
gas bending)  were f o u n d  t o  be q u i t e  l o w  for a l l  t h r e e   s t a g e s .   T h e  
9 
B. CONTINUED 
s t e a d y - s t a t e  stress resul ts  are p r e s e n t e d  i n  T a b l e  VIII. The results of 
t h e  a n a l y s i s  s h o w e d  t h a t  t h e  s h r o u d s  o n  all t h r e e  stages l o c k  u p  t h r o u g h -  
ou t  t h e  e n t i r e  o p e r a t i n g  r a n g e  of s p e c d .  
C. KEY DETAIL DRAWINGS 
T h e   m e c h a n i c a l   d e s i g n   f l o w p a t h  for t h e  a i r  t u r b i n e  test r i g  is shown i n  
F i g u r e  7 7 .  Key detail drawings u s e d  for t h e   a s s e m b l y  of t h e  test r i g  
are l is ted i n  T a b l e  I X .  
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Table I. Vector  Diagram  Calculation  Results 
T I  0 





# / U T  1 
ETA T t  
E T A  IS 
€ . Y A  .AT  
P-TO/PT2 
H R i A j P S 2  
T T Z i T Y O  
U R l j T T O  
P T R  1 
7 T R  1 
PS -2 
T T  2 
PT. 2 
UP/V!  
U R / V I  
P S I  P 
P S I .  -R 
R X  P 
R X  R 
ALPHA 0 
1 S T A T O R  
B E T A  1 A  
L R O T O R  
ALPHA 2 
DEET& R 
H i  
Hi R T  
MR 1 A  
H R I A  R T  
HA 2 
HR2 T I P  
MF 26 
E i T H  C R  
N/RTH C R  
WRTUCRE/D 
P T O j P S l  
P i O i P S 2  
P S  1 
11 
Z O O  IO 700; 0 
3 0 , 0 0 0  30,000 
12 
2 0 ;  860 
5 7 . 5 9 9  
2 3 . 5 3 1  
7 5 8 . 8  
253  5 
- 4 7 5  . 6 
13 
14 
CASE 1; 2 
INTER-STAGE PERFORMANCE. 
15 




- 3 5 9  I9  
1 3 5 5  * 2 
8 4 . 1  
375.3 
. _ .  . .. 
26 I 3i-9 
549 I 5  
11 I 4 4 3  
38 1 2 0 1  
0 u 1 0 1  
5 9 4 , 7 1 3  
361.780 
4 4 7  I 356 
5 1 7 . 1  
9 . 4 2 7  
0.04921 
0 . 5 3 3 1 4  
2 6  m 880  
-367 3 
- 4 2 0 1  5 
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Table 11. STAGE ONE VANE DESIGN DATA 
Parameter 
Diameter .  ( t ra i l ing edge,  in . )  
orl, (degrees) 
Jr Zwei, 
Aw, ( in . )  
t, ( in . )  
n 
ndo (Cf = .975 q V  = .97) 
do = ndo/n, (in.) 
incompressible 
te ,   ( in . )  
t e / ( t e  + do) 
Chord, ( in .  ) 
tmax, max thickness  ( in.)  
Unguided turning (degrees) 
Overturning  (degrees) 
Wedge angle (degrees) 

















































Table 111. STAGE TWO VANE DESIGN DATA 
Parameter 
Diameter ( t r a i l i n g   e d g e ,  in.) 
orl, (degrees) 
JIZwei, incompressible  
Aw,  (in.) 
t, ( in . )  
n 
nd, (C, = .975 lv = .97) 
do = n d d n ,   ( i n . )  
t,, ( in . )  
t e /  ( t e  + do) 
Chord, ( i n . )  
L a x  * max th ickness  (in.) 
Unguided turn ing   (degrees)  
Overturning  (degrees) 
Wedge angle   (degrees)  
Precision Plaster No. 4012261-944 
- Hub P i t c h  Tip 
17.8 21.455 25.11 
61.37 58.53 58.23 
-





































TABLE Iv. STAGE THREE VANE DESIGN DATA 
Diameter (trai l ing  edge,  in) 
al , (degrees) 
JI Zwei  9 
Aw, ( i n . )  
incompre s s ib  le 
t, ( i n . )  
n 
"do (Cf = ,975 '1" = .97) 
do = ndo/n ( i n .  ) 
t e ,  ( i n . )  
t e / ( t e  + do) 
Chord, ( i n .  ) 
tmax, max thickness ( i n . )  
Unguided turning  (degrees) 
Overturning  (degrees) 
Wedge angle (degrees) 



























1.37 i i  
. lo9  
8 .1  
1.0 













6 . 4  
2.8 
5 .0  
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TABLE v. STAGE ONE  BLADE DESIGN DATA 
Parameter 
Diameter  (trailing  edge, in.) 
A (degrees) 
p2  (degrees) 
Ap (degrees) 
JIZwei, incompressible 
A w ,  (in.) 
t, (in.) 
n .  
ndo (Cf = .97 ?B = .95) 
d., = ndo/n, (in.) 
t, (in.) 
te/(te + do) 
Chord, (in. ) 
tmaxs max thickness (in.) 
Unguided turning (degrees) 
Overturning  (degrees) 
Wedge  angle  (degrees) 














- 9 2  5 
-117 
12.0 
1 . 2  
6.5 
P i t c h  
20.86 
48.63 













1 . 0  
5 . 0  
Tip 
23.92 
4 3 3 0  
60.15 
103.75 












Table VI. STAGE TWO BLADE  DESIGN DATA 
Parameter 





A W ,  ( i n . )  
t, ( in . )  
n 
ndo (Cf = .97 TB = .95) 
do = ndo/n, ( i n . )  
incompress ib le 
teJ ( i n . )  
t e / ( t e  + do) 
Chord, ( in . )  
tmax max t h i ckness   ( i n . )  
Unguided turn ing   (degrees)  
Overturning  (degrees) 
Wedge angle   (degrees)  
























































Table VII.  STAGE THREE BLADE DESIGN DATA 
Parameter 





Aw, ( i n . )  
t ,  ( i n . )  
n 
nd, (Cf = .97 qg = . 95 )  
do = ndo/n, (in.) 
t e ,   ( i n . )  
t e / ( t e  + do> 
Chord , ( in .  ) 
max th ickness  ( in . )  
Unguided turning  (degrees) 
Overturning  (degrees) 
Wedge angle (degrees) 
















9 . 8  
-2.2 



















5 . 2  
28.4 













3 . 4  
3.0 
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Table VIII. STEADY-STATE  MECHANICAL STRESSES AND 
ESTIMATED VIBRAlYlRY  CAPABILITIES 
Mechanical S t r e s s e s  ( k s i )  
A i r f o i l  Hub 
0 c e n t  r i f   ugal  
amaximum gas bending (LE) 
(3 r e s u l t a n t   s p a n  wise LE 
stress ( f r e e  s l i p  mode) TE 
Hi-c 
Midcv 
auncorrected gas  bending LE 
(1 m i and m m i ,  f r e e  TE 
s l i p  mode) H i - C  
Uidcv 
ocor rec t ed   gas  b e n d i n g  LE 
(1 m i and m m i, TE 
f r e e   s l i p  m o d e )  H i - C  
Midcv 
Under Tip Shroud 
o c e n t r i f u g a l  
(5 r e su l t an t   span  wise Is 
stress ( f r e e   s l i p  mode) TE 
H i -  c 
Midcv 
Est imated Vibratory Capabi l i t ies  
‘mean = uc + ? m i  + Ommi (ksl )  
a t  Hub LE ( 0 neglected)  
t herma 1 
Estimated T (OF) 
HLE 


































23.18  37.26 
25 6  176 
Estimated Minimum Margin  33.5  28.4 
Vibratory Allowable Stress 
( k s i s a )  (Based on A I S 1  410 S t a i n l e s s  
steel average s t rength less three 























































T i t  le -
Spacer, O u t e r  H o u s i n g  - Stage 2 
Hous ing ,   Inne r  I n l e t  
Spacer, O u t e r  H o u s i n g  - Stage 3 
H o u s i n g ,  O u t e r  I n l e t  
Ring, Seal-Stage 1 
Ring,  Back Up - Stage 1 
Ring,  Back Up - Stages 2 & 3 
Shroud,  V a n e  - I n n e r  S t a g e s  2 & 3 
Vane, T u r b i n e  - Stage 1 
Vane ,   Turb ine  - S t a g e  2 
Vane, T u r b i n e  - S t a g e  3 
Shroud ,  B lade  - O u t e r ,  S t  age 1 
Shroud,   Blade  - O u t e r ,  Stage 2 
Shroud ,   Ou te r -B lade ,   S t age  3 
B l a d e ,   T u r b i n e  - Stage 1 
B l a d e ,  T u r b i n e  - S t a g e  2 
B l a d e ,  T u r b i n e  - S t a g e  3 
S h r o u d ,  T u r b i n e  B l a d e  - St  age  1 
Shroud ,  Turb ine  B lade  - Stage 2 
Shroud ,  Turb ine  Blade - Stage 3 
Blade A s s e m b l y ,  T u r b i n e  - Stage 1 
Blade Assembly ,   Turb ine  - S t a g e  2 
Blade Asse&ly ,  Turb ine  - S t a g e  3 
H o u s i n g ,   I n s t r u m e n t a t i o n  - I n n e r  
Spacer 
Adapter  - Bearing Housing  
Housing  Assembly - S t a g e  1 
Housing  Assembly - Stage 2 












Table IX. KEY DETAIL DRAWING SUhWU%Y (Concluded) 
TI t le -
Shroud, Vane, Stage 1 
Shroud, Vane, Stage 2 
Shroud, Vane, Stage 3 
Vane Assembly, Stage 1 
Vane Assembly, Stage 2 
Vane Assembly, Stage 3 
Test Assembly, Conventional Blading 
Instrumentation, 3 Stage NASA HLFT 
3 Stage NASA HLFT Test  Assembly Build-Up Conventional Blading 
Precision  Master No. Tit le 













Stackup, Vane, Stage 1 
Vane, Turbine, Stage 2 
Stackup, Vane, Stage 2 
Vane, Turbine, St age 3 
Stackup, Vane, Stage 3 
Blade, Turbine, Stage 1 
Stackup,  Blade,  Stage 1 
Blade, Turbine, Stage 2 
Stackup,  Blade,  Stage 2 
Blade, Turbine, Stage 3 
















Figure 1. Effect of Flowpath Slope and Curvature on Angles, Stage One, 
32 36 4 0  44 48 52 56 60 64 
Angle, Degrees 













0 10 20 30 40 50 60 70 80 90 
Angle, Degrees 





Figure 4. Vector Diagram Nomenclature. 
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, TIP 
Numbers Shown on Vector Diagrams are Angles i n  Degrees and Mach  Numbers 






Figure 6 .  Aerodynamic Flowpath. 
I" 1 
Figure 7. Design  Data Nomenclature, 
- . . . . . . .. . .. "" . 
NQSR HLHSFl SCALED N1R3 f J N Q L  
/ 
/ 
Figure 8 .  Stage One Vane Hub Airfoil Flowpath. 
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3 
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-1.00 - . w  - . 9 2  - .  10 - .El@ - . s o  -. I Ic - . f @  -.20 - .  10 . 00 
KORMHL I Z E D  X 
Figure 9. Stage  One Vane Hub Velocity Distribution. 
NRSR HLflSFl SCRLEO NIP1 f l N R L  
I I / 
1 ,,I' / 
I , / 
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Figure  11.  Stage One  Vane Pitch Velocity Distribution. 
NRSR HLHSFl SCRLEO N1T3  FINAL 
Figure 12. Stage One Vane T i p  Airfoil Flowpath. 
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t 
. OC - . so  - 32 - 7 0 - .30 - .?O -. 10 
Figure 13. Stage One Vane T i p  Velocity Distribution. 
NGSG YLMSFl’ SCfiLED 81153 FlNriL 
Figure 14. Stage One Blade Hub Airfoil Flowpath. 
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. .. . . . . . . . . . . . . 
, 
q I , 
ci 
I 1 4 
- 1  on - . s c  - . or! - . l o  -.m - . 5 0  - .un  - .30  - . 2 u  - .1c . OC 
I..;OR!?SLI 7E5 Y 
Figure 15. Stage One Blade Hub Velocity Distribution. 
NFlSR SLMSFT SCRLED B1P2 FINAL 




+" +"" " 
c!2 - ,90 -.RO - . IU - .FjZ - . s o  - . u ' I  -.30 - . 2 0  - .  10 
;ir!R?!5L I7E3 x 
Figure 17. Stage One Blade Pitch  Velocity  Distribution. 
W l S R  9LMSFT SCRLED B1T3 F I W L  
-.w -.Bo -.m - . W  -.sa -.40 -.M -.M - . l o  
NORHFILIZEO X 
Figure 18. Stage One Blade T i p  Airfoil Flowpath. 
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Figure  19.  Stage One Blade T i p  Velocity Distribution. 
NRSR HLMSFT SCFlLED N2R3 FlNFlL 
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,: 1 
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NFlSFl YLMSF1' SCFlLEO K2R3 FINFIL I 









K O R W L  1 ZE3 X 
Figure 21. Stage Two Vane Hub Velocity Distribution. 
NGSR YLMSFl' SCRLED N2P2 FlNFlL 









- 1 .  OC - .  9c - .  90 - . IO - . b e  - . 5 @  - . 9 0  - .30  -.20 -.IO . PC 
I\;I?RW:.J Z L 3  X 
Figure 23. Stage Two Vane Pitch  Velocity  Distribution. 
I 
NFlSR HLMSFT  SCRLED  N2T3  FINRL 
IO -.a0 -.lo - . s o  -50 - . YO -.30 - . ? O  - . l o  . 00 
NORHAL I Z E O  x 
Figure 24. Stage Two Vane T i p  Airfoil Flowpath. 
50 
" "- "---+-- "" I 
OC - .so  
Figure 25. Stage Two Vane T i p  Velocity Distribution 
. 2L1 
NRSR HLMSFl SCFlLED 82/33 FINRL 
\ 
00 -. 90 -.m -. 60 - .YO - . 30  -.20 -. 10 . 00 
NORMAL I ZED X 
Figure 26. Stage W o  Blade Hub Airfoil Flowpath. 
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1 
1 2 1 3  F I  
UPSTRERM FLOW BNGLEr s4.2111 
301.iNSTRERE FLOW HNGLE: -55.658 
-a 'I ~ 
* 00 - .go - .BO -.70 -. 60 - .  50 -.uo 
NORMBLIZECI X 
-.30 - .20  -. 10 
Figure 27. Stage Two Blade Hub Velocity Distribution. 
NRSR HLMSFT  SCRLED 82P2 FlNRL 
Figure 28. Stage Two Blade P i tch  Airfoil Flowpath. 
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Figure 29. Stage Two Blade Pitch Velocity Distribution. 
NASA HLHSFT SCFILED 8213 FINAL 
m -.sa -.P , -.'XI -.SO -.so - . w .  -.m -.m -.IO .a 
NORBRLIZED X 









-. 6U -. 50 -.  40 -.30 -.20 -. 10 . 00 
EiGRMHL I ZE3 X 
Stage Two Blade T i p  Velocity Distribution. 
NFlSR HLMSF1' SCRLED N3R3 FlNRL 




NRSR HLMSF1 SCRLED N3R3 FINRL 
f l S T R E Q H  FL.OH HNGLE: -116.131 
- 
DOHhSTRERt: FI CW FINGLE- S5.127 / 
. 
I 
00 -.90 -.eo - 
Figure 33. 
70 -.60 -.so - . V I  -.30 - . 20  - . l o  
NORHHLl Z E D  X 
Stage Three  Vane Hub Velocity Distribution. 
NRSR HLMSFT SCRLEO N3P2 FINRL 
oa -.uo - . l o  -.sa -.M - .20 -. 10 . 00 
NORflRLI ZEbSOX 
Figure 34. Stage  Three Vane P i t c h  Airfoil Flowpath. 
60 
. 00 - .  90 - . s o  - . 7 @  "60 - .  5 0  - .  40 
NflRHFlL I ZED X 
-.3c 
Figure 35. Stage  Three  Vane  Pitch  Velocity Distribution. 
-. 20 -. 10 . bo 
NflSFI HLMSFT SCRLEO N3T3 FINRL 
Figure 36. Stage Three Vane T i p  Ahrfoil Flowpath. 
62 
I 
Figure 37.  Stage Three Vane T i p  Velocity Distribution.' 
NRSFl HLMSFl SCRLED 83R3 F 1 NFlL 
00 -.w -.eo - . 7 0  -.60 -.so -.uo - . 3 @  -.20 -.  10 -00 i 
NCJRHflLIZED X 
Figure 38. Stage Three  Blade Hub Airfoil Flowpath. 
NRSFI HLMSF1' SCRLED B3R3 FINFIL 
iJPSTFlERH FL clli FINGI-E-. 4 5 . 4 5 4  
OOlriNSTFlEFlH f l  O l i  RNGI E-. -28.43 '4  
IO - . g o  -.BO - .70 - .M - .so -.40 - .3@ - . 2 0  - .  10 
t- 
FiDRHRL I ZED X 
Figure 39. Stage  Three Blade Hub Ve loc i ty  Di s tr ibut ion .  
65 
NFISR HLMSFT SCRLED B3P3 FINAL 
Figure 40. Stage Three B l a d e  Pitch  Airfoil Flowpath. 
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NRSR HLMSFl' SCRl- 
IIPSTRERE FL OM HNG1.E- 27.100 
k 1 
I .oo -.90 -.flu -.70 -.60 -.so - . Y O  - . 3 @  - .20 - . t o  
M F W l L I Z E D  X 
Figure 41. Stage  Three Blade Pitch Velocity Distribution. 
3 
Figure 42. Stage Three B l d o  Tip  Airfoil Flowpath. 
68 
" 
NRSR HLMSFT SCRLED 83T3 FINRL 
I; mn 
.E: -57.665 I 
-. 
-00 -. 90 -. 80 -. 70 -. 60 -. 50 -. 40 "30 -. 20 
NORHRLIZED X 
-. 10 





Figure 45. Stage One Blade Precision Master (4012241-948). 
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Figure 47.  Stage Two Blade  Precision  Master  (4012241-950). 
73 
Figure 48. Stage Three Vane Precision Master (4012241-946). 
74 
Figure  49. Stage Three  Blade Precision Master (4012241-952). 
75 
Figure 50. Stare One Vane Stackup (4012241-943). 
D 
Figure  51.  Stage One Blade Stackup (4012241-949). 
" "-1 I / S T A c K 1 N G  
POlN T 
- "  k m q  
Figure 52. Stage Tw6 Vane Stackup (4012241-945). 
" 




I /  
Figure 54. Stage Three Vane Stackup (4012241-947). 
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1.1  1.3 1.5 1 .i 1.9 2.1 
Total-to-Total Pressure  Ratio,  PTo/PT2 
Figure 56. Equivalent Torque vs. Total-to-Total  Pressure  Ratio,  One- 
Stage Configuration. 
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1 .1   1 .3  1 . 5  1 . 7  1 .9  2 .1  2 . 3  
Total-to-Total Pressure Ratio, PTo/PT2 
Figuke 57. Equivalent Weight Flow vs.   Total-to-Total  Pressure Ratio, One- 
Stage Configuration. 
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1.1 3. A3 1.5 1.7 1.s 2.1 
Total-to-Total Pressure Ratio, PT /PT= 
0 
Figure 58. Equivalent  Specific Work vs. Total-to-Total Pressure 











0.10 0.14 0.18 0.22   0 .26  0.30 0 .34  0.38 
Blade-Jet Speed Ratlo, V 




0 Design  Point  
1.2  1.6 2 .o 2.4 2.8 3.2 
Total-to-Total Pressure  Ratio, P /P 
TO Ta 
Figure  61.  Equivalent Torque v s .  Total-to-Total  Pressure  Ratio, 
Two-Stage Configuration. 
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F i g u r e  62. Equivalent  Weight Flow vs. Total-to-Total  P r e s s u r e  Rat io ,  Two- 
Stage Configuration.  
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Figure 63. Equivalent  Specific Work vs. Total-to-Total 




0 Design Point 
Figure 64. Total-to-Total Efficiency VS. Blade-Jet Speed Ratio, Two-Stage Configuration. 
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Figure 66. Equivalent Torque vs. Total-to-Total Pressure Ratio, Three- 
Stage Configuration. 
92 
0 Design Point 
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Figure 67. Equivalent Weight  Flow vs. Total-to-Total Pressure Ratio, Three-Stage Configuration. 
Figure 68. Equivalent Speci f ic  Work vs. Total-to-Tota1 
Pressure Ratio, Threestage Configuration. 
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Figure 69. Total-to-Total  Efficiency v s .  Blade-Jet Speed Ratio, Three-Stage Configuration. 
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0 D c r i g  Point 
Figure 72. Swirl Yap, Two-Stage  Configuration. 
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F i g u r e  75. Most Probable  Modes of V i b r a t i o n ,  S t a g e  Two B l a d e .  
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Figure 76. Most Probable Modes of Vibration, Stage Three  Blade. 
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Figure 77. Mechanical Design Flowpath. 
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